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The annual musth cycle of adult Asian elephant bulls is characterized by behavioral, physical and physiological changes. Male elephants in musth show heightened aggression, increased restlessness, reduced feeding activity and increased searching for oestrous females. During musth, oily temporal gland secretions, continuous urine dribbling and a loss of body condition are commonly seen. Musth is assumed to correspond with elevated levels of circulating androgens. In addition, an elevation in circulating glucocorticoid concentrations has been reported, presumably because musth is a stressful event. Although previous studies have examined both androgen and glucocorticoid profiles in adult male elephants, there is little information about the profiles of these hormones during the complete musth cycle. The objective of this study was to compare cortisol concentrations in serum and feces and to determine whether there is any relationship between the two and thereby to determine whether non-invasive measurements give a reliable indication of physiological stress status. The second objective was to investigate changes in the cortisol profiles of elephant bulls during the non-musth, pre-musth, musth and post-musth periods over the course of a calendar year and to examine the relationship with testosterone profiles. 











“Musth” is the annual period of heightened reproductive activity seen in male adult elephants of both the African and Asian species, and characterised by profound physiological (e.g. endocrinological), anatomical and behavioural changes. The typical external signs of musth in male elephants include temporal gland secretion (TGS), urine dribbling (UD), heightened aggression and more dedicated searching for oestrous females  ADDIN EN.CITE (Brown 2000; Ganswindt, Heistermann et al. 2005; Ganswindt, Rasmussen et al. 2005). While increased temporal gland exudation may be one of the more obvious indications of the onset of musth, temporal gland secretion is not exclusive to adult male elephants in musth, but can occur in both sexes and at various ages (adult and sub-adults) and indicate mental and physiological states other than musth (Rajaram 2006). In captive Asian elephants, temporal gland secretion is most commonly observed in musth bulls, but is also observed in female elephants that are excited or stressed, and even at some stages of pregnancy (Rasmussen, Buss et al. 1984; Rasmussen 1988). In the wild, larger more dominant males have longer musth periods that coincide with the periods in which the majority of females come into oestrus, whereas younger or smaller bulls tend to have a much shorter musth period at a time when they are less likely to secure matings. A musth bull will generally exert dominance over a non-musth bull even if the latter is considerably larger, and musth therefore plays an important role in elephant society for facilitating mating and the production of offspring (Hollister-Smith, Poole et al. 2007). On the other hand, musth is a period in which much energy is expended in searching for mates and fighting off competition, and relatively little time is dedicated to feeding; a musth elephant will therefore suffer a dramatic loss of body condition which eventually results in the exit from the state of heightened sexual activity (Rasmussen and Perrin 1999; Yon, Kanchanapangka et al. 2007). 

Musth is thought to be related to a dramatic elevation in serum testosterone concentrations  ADDIN EN.CITE (Jainudeen, Katongole et al. 1972; Rasmussen, Buss et al. 1984; Yon, Chen et al. 2008) which, amongst other effects, induces the temporal gland, a modified apocrine sweat gland, to enlarge and secrete a malodorous oily substance. Temporal gland secretions contain acetone compounds, ketone compounds, non-methane hydrocarbons, testosterone and pheromones (e.g. frontalin:  ADDIN EN.CITE Rasmussen, Buss et al. 1984; Rasmussen, Hess et al. 1990; Rasmussen and Perrin 1999; Rasmussen, Riddle et al. 2002; Rasmussen and Greenwood 2003). Musth has been classified into four states based on overt signs, namely, (1) the calm state characterized by anorexia and restlessness; (2) an ‘oily’ state, when the temporal glands begin to secrete an oil-like mixture; (3) the full oily state when temporal gland secretion is continuous and copious, the bull becomes aggressive and shows frequent erection; and (4) the ‘insane’ state characterized by increased aggression and destructiveness, and more frequent penile erection (Lungka 2003). Other musth signs include urine dribbling, aggressive behaviour and increased sexual activity, including heightened libido and spontaneous ejaculation. Musth can also be classified into five stages or periods of musth, namely pre-musth, early musth, mid-musth, post-musth and non-musth (Rajaram 2006). When a bull elephant is in musth, it is typically difficult to handle and a danger to the mahout, other elephants, tourists, and inanimate objects (Dickerman, Zachariah et al. 1997). In Thailand, healthy domestic elephant bulls generally enter musth at the same time each year and, because of the potential danger, at the first signs of musth the elephant is shackled, isolated and deprived of food to ensure that it loses condition and exits musth as soon as possible. During this period, a healthy and fertile bull will not be used for work or breeding. Other musth control methods described include increased exercise, controlled feeding, sedation, anti-androgenic preparations, and surgical castration, although the last option is never performed in Thailand. Certainly, from an animal welfare point of view, isolation, shackling and food deprivation are questionable, and better information about the factors involved in the onset and exit from musth may provide alternative ways of predicting or preventing musth that are better for the welfare of the elephants. 

Musth in relation to testosterone and cortisol: an overview 	
		
Jainudeen et al. (1972) described extremely high plasma testosterone concentrations in male Asian elephants during musth (29.6 to 65.4 ng/ml), as compared to non-musth and pre-musth (<0.2 to 1.4 ng/ml and 4.3 to 13.7 ng/ml, respectively). This strongly suggests that musth is associated with, and possibly caused by, a marked increase in circulating testosterone concentrations. Ganswindt et al. (2002) reported that both testosterone and epiandrosterone are abundant in the feces and urine of captive African elephant bulls. Testosterone was the predominant androgen detected in urine, whereas epiandrosterone was more abundant in feces. Furthermore, the levels of testosterone and epiandrosterone were elevated markedly during musth, with concentrations up to 5-20 fold higher than in non-musth. This supported previous data indicating that musth is associated with increased androgen secretion. Ganswindt et al. (2003) subsequently analyzed adrenocortical activity in captive male African elephants in relation to musth and steroid excretion patterns. Following infusion of radio-labelled [3H]cortisol and [14C]testosterone into an African bull, 82% of the [3H]cortisol metabolites were excreted in urine, whereas only 43% of the [14C]testosterone metabolites were excreted in urine compared to 57% in feces. Eighty-six percent of the [3H]cortisol metabolites in urine were conjugated, whereas in feces 86% of the metabolites were unconjugated. For the [14C]testosterone metabolites in the urine, 97% were conjugated, whereas in feces nearly all the metabolites were unconjugated (>99%). For both steroids, the excretory lag times were hours for urine and ~1.5 days for feces, with urinary peak excretion within 2-6 hours and fecal peak excretion after 12-56 hours. Furthermore, using HPLC it was shown that insignificant amounts of cortisol are excreted in the feces. Moreover, periods of musth were associated with elevations of androgens in both urine and feces, whereas there was no elevation in glucocorticoid excretion. These results suggested that, in African elephants, there is no musth-related increase in adrenal activity. By contrast, Wingate and Lasley (2002) reported an elevation in serum cortisol during musth in captive Asian and African elephants. 
Ganswindt, Rasmussen et al. (2005) also showed elevations in fecal androgens in free-ranging African elephants during sexually active periods, as denoted by temporal gland secretion and/or urine dribbling, compared to low androgen levels in sexually inactive and sexually active bulls with no signs of temporal gland secretion and/or urine dribbling. However, they did not find any changes in glucocorticoid levels during the sexually active periods, irrespective of signs of temporal gland secretion and urine dribbling. Indeed, Ganswindt, Heistermann et al. (2005) described a decrease in glucocorticoid concentrations during musth in captive African elephants. Although the reason for this decrease is unclear, it always occurred after an elevation in androgen levels and ended after or together with the end of the androgen elevation. The authors suggested that there may be a direct downstream effect of either elevated androgen levels or musth per se on adrenocortical activity.
Based on the available information from fecal glucocorticoid profiles in both captive (Ganswindt, Palme et al. 2003; Ganswindt, Heistermann et al. 2005) and free-ranging (Ganswindt, Rasmussen et al. 2005) African elephants, there is no indication that musth in the African elephant is associated with activation of the hypothalamic-pituitary-adrenal axis and / or physiological stress. However, it is possible that any stress-related adrenal response is obscured by the proposed suppressive effect of elevated androgens on adrenocortical activity (Kenagy, Place et al. 1999) through mechanisms involving enhanced glucocorticoid feedback regulation (Viau and Meaney 2004). Furthermore ecological factors, such as season-dependant rainfall and food availability, could be confounding factors since they have been associated with increased adrenal function in free-ranging female African elephants (Foley, Papageorge et al. 2001). On the other hand, Brown, Somerville et al. (2007) found positive correlations between serum testosterone and cortisol concentrations for six of seven captive Asian elephant bulls, and all 3 captive African elephant bulls that exhibited musth; while there were no significant correlations for bulls that did not exhibit musth. The major differences between this and the studies of Ganswindt et al.  ADDIN EN.CITE (Ganswindt, Palme et al. 2003; Ganswindt, Heistermann et al. 2005; Ganswindt, Rasmussen et al. 2005) are the species of elephant (Asian versus African) and the measurement of circulating versus excreted steroids. In this respect, it is possible that fecal corticoid measurements are not the ideal way to monitor adrenal activity since only 18% of corticoids are excreted in feces (Ganswindt, Palme et al. 2003). Moreover, HPLC analysis has shown that different EIAs detect varying proportions of various corticoid metabolites (Ganswindt et al., 2003). The differences between studies could thus be explained by failure of fecal samples to accurately reflect circulating corticoid levels, either because too low a proportion enter the feces or because the chosen EIA did not cross-react with certain metabolites. In addition, the circulating free steroid concentration could change as a result of binding to corticosteroid binding globulin (CBG) which could also affect metabolism and/or excretion of corticoids in urine and feces.
	Yon, Kanchanapangka et al. (2007) also described an elevation in serum cortisol concentrations during musth. Indeed, all the hormones measured in their study (LH, testosterone, androstenedione (A4), androstenediol (A5), DHEA and cortisol) were elevated during musth in three of four captive Asian elephant bulls. Surprisingly, the adrenal androgen (androstenedione, androstenediol, DHEA) concentrations were strongly correlated to LH and testosterone, but not to cortisol, such that the authors suggested that there may be a separate mechanism driving adrenal androgen (i.e. separate to glucocorticoid) production. Moreover, they suggested that the adrenal gland actively produces both glucocorticoids and androgens during musth in Asian elephant bulls. To determine if the classical hypothalamic-pituitary-adrenal axis is active during musth Yon, Chaiyabutr et al. (2007) used an ACTH stimulation test in four Asian elephant bulls. Only cortisol and DHEA increased significantly in response to ACTH stimulation, whereas testosterone decreased and androstenedione and androstenediol showed no clear changes, i.e. the changes in hormone levels were not consistent with those recorded during musth. The authors therefore proposed that the increased adrenal steroid levels present during musth are not a result of classical hypothalamic-pituitary-adrenal stimulation, but arise via an alternative mechanism. Yon, Chen et al. (2008) reported that testosterone and dihydrotestosterone (DHT) are the major circulating androgens during musth in Asian elephant bulls, with testosterone being by far the most abundant active androgen present. However, it is possible that some of the testosterone and dihydrotestosterone are not of gonadal origin. As mentioned above, during musth the adrenal androgens androstenedione, androstenediol and DHEA also increase. Since they can be converted into testosterone and dihydrotestosterone by peripheral tissues, it is possible that some of the extra testosterone and dihydrotestosterone present in bulls during musth is of adrenal origin. 






Ten adult Asian bull elephants from the Thai Elephant Conservation Center (National Elephant Institute, Forest Industry Organization, Lampang, Thailand) were used in this study (Table 1). All of the bulls were healthy with a good body condition score and had had a regular musth cycle for more than one year prior to the study. Blood and fecal samples were collected every 2 weeks over a period of 17 months (Feb 2008 – Jun 2009). The elephants worked as tourist trekking animals or performed in shows for no more than 3 h between 08.00 and 15.00 h each day. Late in the afternoon, the elephants were tethered separately with a 30m long chain and allowed to forage in different areas of the forest overnight. Males with long tusks (tusker) were kept near the mahout’s house to prevent illegal ivory cutting during the night, whereas bulls without tusks (tuskless) were tethered further away. Bulls in musth were isolated for safety reasons and fed a restricted diet in order to control musth intensity and duration.

Table 1















In this study musth was defined as the period when temporal gland secretion was present. Pre-musth was the 2 month period up to 2 weeks before musth, post-musth was a 2 month period starting 2 weeks after the end of musth, and non-musth was the 2 month period far outside musth (Fig. 1). 

Figure 1




Blood samples were collected from each bull every 2 weeks, from an ear vein. Blood samples were allowed to clot at room temperature for 1-2 hours before being centrifuged at 2000xg for 5 minutes to separate serum from blood cells. Serum was stored in 1.5 ml aliquots at –20 ºC until analysis.
Fecal samples were collected every 2 weeks from freshly produced fecal balls; after mixing, a portion was stored in a plastic bag at room temperature (25-30 ºC) for no more than 45 min before 100 gram of well-mixed fresh feces was frozen and stored at –20 ºC, until extraction. For safety reasons, serum (and sometimes also feces) samples could not be collected during musth. 

Fecal hormone extraction
Fecal hormones were extracted using the ethanol boiling method described by Brown et al. (2005). In brief, 0.1g of lyophilized fecal powder was combined with 5 ml of 90% ethanol (in dH2O) and boiled (20 minutes) in a heated bath (96 ºC). During this process, 100% ethanol was added to keep the sample from boiling dry. The volume of the extracts was brought up to approximately pre-boiling levels with 100% ethanol and the samples were centrifuged at 2000xg for 20 minutes. After centrifugation, the extracts were poured off into a second set of identical tubes. Five ml of 90% ethanol was then added to the original tubes containing the fecal pellets and, after vortexing, these tubes were centrifuged at 2000xg for 20 min. The extracts were again poured off into the second set of tubes, containing the first extracts. These tubes were dried down under air in a warm water bath. Then, 3 ml of 100% ethanol was added, the tubes were vortexed and again dried down under air in a warm water bath. Prior to analysis the extracted hormones were reconstituted with methanol. 

Sample analysis
Cortisol concentrations were analyzed using the enzyme immunoassay (EIA) described by Brown et al. (2005). The cortisol EIA employed a monoclonal anti-cortisol antibody (R4866; a gift from C. Munro, University of California, Davis), a cortisol-horseradish peroxidase-conjugate, and cortisol standards (Sigma Chemical Co., St. Louis, MO). Serum samples were not diluted, but fecal samples were diluted 1:20 and urine samples were diluted 1:30. Samples were assayed in duplicate. The sensitivity of the assay was 0.1 ng/ml, and the inter-assay coefficient of variation (CV) for the high and low concentration controls were 15.8 % and 8.5 %, respectively. The intra-assay CV was 10.1 %.
Testosterone concentrations were analyzed using the enzyme immunoassay (EIA) described by Brown et al. (2005). The testosterone EIA used a polyclonal testosterone antibody (R156/7; a gift from C. Munro, University of California, Davis), a testosterone-horseradish peroxidase-conjugate, and testosterone standards (Sigma Chemical Co., St. Louis, MO). Fecal samples were diluted 1:250 and assayed in duplicate. The sensitivity of the assay was 0.05 ng/ml. The inter-assay coefficient of variation (CV) for the high and low concentration controls were 8.38 % and 5.08 %, respectively. The intra-assay CV was 4.12 %.

Data analysis





Individual cortisol and testosterone profiles 
Figures 2-11 show the individual profiles of cortisol concentrations in serum and feces during the whole study for each of the 10 elephant bulls. The profiles for the 10 bulls showed great inter-individual variability, including during musth. For example, in PM, serum cortisol concentrations were elevated during musth while fecal concentrations remained low (Fig. 2). By contrast, in ST, serum cortisol concentrations were low during musth, when fecal cortisol concentrations peaked. There was no obvious correlation between cortisol concentrations in serum and feces. 





Fecal and serum cortisol concentrations (ng/ml) for the elephant Pamae (PM). Bars indicate musth. 





Fecal and serum cortisol concentrations (ng/ml) for the elephant Tadang (TA). Bar indicates musth. 
R² = 0,017: for the correlation between fecal and serum cortisol concntrations.

Figure 4
Fecal  and serum cortisol concentrations (ng/ml) for the elephant Samai (SM). Bar indicates musth. R² = 0,027: for the correlation between fecal and serum cortisol concntrations.

Figure 5
Fecal and serum cortisol concentrations (ng/ml) for the elephant Sathit (ST). Bar indicates musth. 







Fecal and serum cortisol concentrations (ng/ml) for the elephant Suphannaken (SP). Bar indicates musth. 
R² = 0,003: for the correlation between fecal and serum cortisol concntrations.

Figure 7
Fecal and serum cortisol concentrations (ng/ml) for the elephant Jampui (JP). Bar indicates musth. R² = 0,000: for the correlation between fecal and serum cortisol concntrations.

Figure 8
Fecal and serum cortisol concentrations (ng/ml) for the elephant Japate (JT). Bar indicates musth. 





Fecal and serum cortisol concentrations (ng/ml) for the elephant Payoa (PY). Bar indicates musth. 
R² = 0,011: for the correlation between fecal and serum cortisol concntrations.

Figure 10
Fecal and serum cortisol concentrations (ng/ml) for the elephant Tong (TO). Bar indicates musth. 
R² = 0.103: for the correlation between fecal and serum cortisol concntrations.

Figure 11
Fecal and serum cortisol concentrations (ng/ml) for the elephant Srai (SI). Bar indicates musth. 





Fecal cortisol and testosterone concentrations (ng/ml) for the elephant Pamae (PM). Bars indicate musth. 
 R² = 0.073: for the correlation between fecal cortisol and testosterone concentrations.

Figure 13
Fecal cortisol and testosterone concentrations (ng/ml) for the elephant Tadang (TA). Bar indicates musth. 
 R² = 0,291*: for the correlation between fecal cortisol and testosterone concentrations.
(* Correlation is significant at the 0,01 level (2-tailed))

Figure 14
Fecal cortisol and testosterone concentrations (ng/ml) for the elephant Samai (SM). Bar indicates musth. 
 R² = 0,548*: for the correlation between fecal cortisol and testosterone concentrations. 
(* Correlation is significant at the 0,01 level (2-tailed)).

Figure 15
Fecal cortisol and testosterone concentrations (ng/ml) of  the elephant Sathit (ST). Bar indicates musth. 
 R² = 0,666*: for the correlation between fecal cortisol and testosterone concentrations.
 (* Correlation is significant at the 0,01 level (2-tailed)).

Figure 16
Fecal cortisol and testosterone concentrations (ng/ml) for the elephant Suphannaken (SP). Bar indicates musth. 
 R² = 0,147: for the correlation between fecal cortisol and testosterone concentrations.

Figure 17
Fecal cortisol and testosterone concentrations (ng/ml) of  the elephant Jampui (JP). Bar indicates musth. 
 R² = 0,045: for the correlation between fecal cortisol and testosterone concentrations.

Figure 18
Fecal cortisol and testosterone concentrations (ng/ml) of  the elephant Japate (JT). Bar indicates musth. 
 R² = 0,002: for the correlation between fecal cortisol and testosterone concentrations.

Figure 19
Fecal cortisol and testosterone concentrations (ng/ml) of the elephant Payoa (PY). Bar indicates musth. 
 R² = 0,182 **: for the correlation between fecal cortisol and testosterone concentrations.
 (** Correlation is significant at the 0,05 level (2-tailed)).

Figure 20
Fecal cortisol and testosterone concentrations (ng/ml) of the elephant Tong (TO). Bar indicates musth. 





Fecal cortisol and testosterone concentrations (ng/ml) of the elephant Srai (SI). Bar indicates musth. 
 R² = 0,729*: for the correlation between fecal cortisol and testosterone concentrations.





































The relationship between serum and fecal cortisol concentrations and between fecal cortisol and fecal testosterone concentrations




Results from Pearson’s bivariate correlation coefficient for all hormones in 10 elephants. 
	r	Sig (2-tailed)	N	R²
Fecal cortisol – Serum cortisol	-0.129	0.073	193	0.0166
Fecal cortisol – Fecal testosterone	0.505	0.000	214	0.2550*







Cortisol and testosterone concentrations between stages of the musth cycle










Recovering blood samples from wild animals is not always possible, and can be dangerous for the collector and/or stressful to the animal involved. Moreover, the amount of blood that can be recovered may be limited, and repeated collection is rarely possible, while facilities to chill or freeze the blood for preservation may not be readily available. For this reason, samples that can be recovered non-invasively, such as urine or feces, are attractive options for monitoring hormone concentrations in wild animals. Both sampling methods are safe and give valuable information about circulating hormone concentrations. However, urine and fecal samples can only be obtained reliably from free-ranging animals that can be continuously observed and do not deposit in common latrines. In this respect, urine samples are relatively difficult to collect, the hormone extraction process can be laborious and expensive, and the results need to be standardized using a suitable index (such as creatinine for urine); on the other hand the excretion lag time is shorter than for feces (Brown 2000; Koren, Mokady et al. 2002). For domesticated Asian elephants, it is possible to collect both urine and fecal samples on a daily or weekly basis. However, during musth, bulls can be aggressive and dangerous such that collecting feces and, in particular, urine can still be difficult. However, since 82% of the [3H]cortisol metabolites are excreted in urine (Ganswindt, Palme et al. 2003), urine concentrations should be more representative of circulating cortisol levels than feces.

Individual cortisol and testosterone profiles 
With regard to cortisol concentrations in various biological samples (serum versus urine versus feces) the expected result would be slight delays in urine and feces as compared to serum rather than a direct correlation, because of the excretion lag time. Although a clear delayed response is not apparent in Figures 2 to 11, this may in part be a function of the sampling interval. We collected samples every 2 weeks whereas the excretion lag times are approximately ~1.5 days for feces (Ganswindt, Palme et al. 2003). Moreover, blood cortisol concentrations are more likely to show transient changes (not to mention diurnal variation) that may make urine or feces, in any case, more useful indicators of general ‘ stress’ level..
Most surprisingly, while peaks of testosterone were seen in all animals, they were not always associated with musth. This means that testosterone concentrations were high without any signs of temporal gland secretion, the physical characteristic thought to most closely define musth. These results correspond to the findings of Ganswindt, Heistermann et al. (2005) that not all periods of elevated androgens were associated with temporal gland secretion or urine dribbling. However, in the latter study, the duration of the periods of elevated androgens without physical signs of musth, were shorter and the androgen levels were lower than when musth-related physical parameters were present. In the current study, there was little difference in testosterone peak height or duration between periods with or without temporal gland secretion. 

The relationship between serum and fecal cortisol concentrations and between fecal cortisol and testosterone concentrations
Musth is considered a stressful event because it is associated with increased restlessness and reduced feeding activities, which lead to significant losses in weight and body condition. In this light, it is reasonable to expect increased glucocorticoid output during musth.  Indeed, Foley, Papageorge et al. (2001) found that limited access to food and water leads to a decline in body condition in female African elephants that is associated with an increase in adrenal endocrine function and hence elevated glucocorticoid levels. Since we expected elevated testosterone concentrations during musth we anticipated a positive correlation between testosterone and cortisol concentrations. As shown in Table 2 and Figure 22, we did find a positive correlation between fecal cortisol and fecal testosterone concentrations, with a correlation co-efficient of 0.505. 

Cortisol and testosterone concentrations at different stages of the musth cycle 
In contrast to previous studies, we found no significant relationship between elevated testosterone and musth. The expectation was that testosterone concentrations would be much higher during musth than non-musth. Nevertheless, in our study we found no elevation of testosterone during the musth period, with the highest concentrations often being measured during the non-musth period (Fig. 25). The major differences with previous studies was the collection method. In this study, the mahouts were asked to collect the fecal samples and to mix the fecal ball before taking a sample. It is possible that not all the mahouts followed the instructions closely every time. As described by Brown (2000) mixing and collection of an appropriate sample is critical because steroid concentrations are not evenly distributed in feces.
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Scatter plot of concentrations of fecal cortisol and fecal testosterone (N=214).

Figure 23		
Mean (+SEM) serum cortisol concentrations in adult elephant bulls (n=10) at the various stages of the musth cycle.  Bars with the same letter did not differ significantly (P > 0,05) 	

Figure 24			
Mean (+SEM) fecal cortisol concentrations in adult elephant bulls (n=10) at the various stages of the musth cycle.  Bars did not differ significantly (P > 0,05)

Figure 25			
Mean (+SEM) fecal testosterone concentrations in adult elephant bulls (n=10) at the various stages of the musth cycle.  Bars did not differ significantly (P > 0,05)	
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